Objective: Platelets are a major source of chemokines. Here, we demonstrate for the first time that platelets express significant amounts of CXCL14 and disclose powerful effects of plateletderived CXCL14 on monocyte and endothelial migration. Methods: The expression of CXCL14 in platelets and in the supernatant of activated platelets was analysed by immunoblotting, ELISA, and flow cytometry. The effect of platelet-derived CXCL14 on monocyte migration was evaluated using a modified Boyden chamber. The effect of CXCL14 on monocyte phagocytosis was tested by using fluorochrome-labelled E.coli particles. The effect of platelet-derived CXCL14 on endothelial migration was explored by the use of an endothelial scratch assay. Results: Hitherto unrecognized expression of CXCL14 in human and murine platelets was uncovered by immunoblotting. Activation with platelet agonists such as adenosine-di-phosphate (ADP), collagen-related peptide (CRP), or thrombin-receptor activating peptide (TRAP), increased CXCL14 surface expression (flow cytometry) and release into the supernatant (immunoblotting, ELISA). Since CXCL14 is known to be chemotactic for CD14 + monocytes, we investigated the chemotactic potential of platelet-derived CXCL14 on human monocytes. Activated platelet supernatant induced monocyte migration, which was counteracted upon neutralization of platelet-derived CXCL14 as compared to IgG control. Blocking of the chemokine receptor CXCR4, but not CXCR7, reduced the number of migratory monocytes towards recombinant CXCL14, suggesting the involvement of CXCR4 in the CXCL14-directed monocyte chemotaxis. Recombinant CXCL14 enhanced the phagocytic uptake of E.coli particles by monocytes. In scratch assays with cultured endothelial cells (HUVECs), platelet-derived CXCL14 counteracted the pro-angiogenic effects of VEGF, supporting its previously recognized angiostatic potential. Conclusions: Platelets are a relevant source of CXCL14. Platelet-derived CXCL14 at the site of vascular lesions might play an important role in vascular repair/regeneration.
from Sigma-Aldrich. Alexa Fluor® 488 labeled E. coli (K-12 strain) BioParticles®, Ficoll-Paque and fetal calf serum (FCS) were purchased from Thermo Fisher (Waltham, MA, USA). VascuLife® VEGF Cell Culture Medium for HUVECs was purchased from Lifeline, (Carlsbad Ca, USA).
Isolation of human platelets
Washed human platelets were isolated as described previously [26] . In short, venous blood was drawn and collected in acid-citrate-dextrose (ACD)-buffer (1:4) . After centrifugation at 209 x g for 20 minutes platelet-rich plasma (PRP) was collected. The PRP thus obtained was added to Tyrodes-HEPES buffer (pH 6.5) and centrifuged again at 836 x g for 10 minutes. After removing the supernatant the resultant platelet pellet was resuspended in calcium containing PBS (pH 7.4, supplemented with 0.9 mM CaCl 2 and 0.5 mM MgCl 2 ) and the platelet count was estimated by Sysmex. The platelet count was adjusted to 1 x 10 9 platelets per ml.
For generating resting platelet supernatant (RPS) or activated platelet supernatant, washed platelets were either kept under resting conditions by the use of apyrase (0.2 U/ml; Sigma-Aldrich) and Prostaglandin I 2 (10 µM; Calbiochem) or activated with CRP (5 µg/ml), both for 1 hour. Afterwards, platelets were centrifuged at 340 x g for 5 minutes, the supernatant was kept at -20°C and the pellet was lysed in RIPA lysis buffer [27] .
Isolation of murine platelets
Platelets were obtained from 10-to 12-week-old C57Bl/6J mice as described previously [28] . In short, after anesthesia with isoflurane, blood was drawn from the retro-orbital plexus into tubes with ACD-buffer (1:4). Afterwards, PRP was washed with Tyrodes buffer (pH 6.5) via centrifugation at 640 g for 5 minutes to pellet the platelets. Then platelets were lysed in RIPA lysis buffer for Western blot analysis. All animal experiments were conducted according to the animal protection law of Germany and were approved by local ethical authorities.
Harvesting of murine organs 10-to 12-week-old C57Bl/6J mice were sacrificed in isoflurane, the thorax was opened, PBS was injected into the heart and organs were rinsed to remove remaining blood [29] . Liver, lung, kidney and heart were removed and tissue homogenates were treated with RIPA lysis buffer.
Isolation of human monocytes
Human monocytes were isolated as described [30] . In short peripheral blood monocytes were isolated through differential gradient centrifugation in Ficoll gradient (840 x g, 20min), followed by adhesion depletion on a plastic surface. Monocytes were cultured in RPMI-1640 supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine at 37°C and 5% CO 2 in a humidified atmosphere. Non-adherent cells were removed by gentle washing with PBS on the following day and the remaining adherent cells were harvested.
Immunoblot analysis
Cells or tissues were lysed with RIPA lysis buffer with added protease and phosphatase inhibitor (Roche). Afterwards, lysates were separated by SDS-PAGE under reducing conditions, transferred to a PVDF membrane and analyzed by immunoblotting. Primary antibodies used were rabbit anti-human-CXCL14-pAb and rabbit anti-human-actin-pAb (Abcam). Equal loading was verified by actin immunostaining. To compare relative CXCL14 content in resting and activated platelets supernatants, same volumes of centrifuged activated/resting supernatant from platelets (1x10
Surface-associated CXCL14 by flow cytometry analysis
Flow cytometry experiments were performed as described before [26] . In brief, 5 µl of PRP, adjusted to a count of 0.1x10 9 /ml, were diluted with 35 µl of PBS with 0.9 mM CaCl 2 and 0.5 mM MgCl 2 . 5 µl of platelet agonist were added with the relevant fluorophore-labeled antibodies for an incubation time of 30 min in the dark at room temperature. For activation of platelets thrombin receptor activating peptide (TRAP; Sigma-Aldrich), collagen-related peptide (CRP; provided by Richard Farndale, University of Cambridge, United Kingdom) or adenosine-di-phosphate (ADP; Probe&Go, Osburg, Germany) was used at the indicated concentrations and time points. After staining, the cells were fixed with 0.5% paraformaldehyde and analyzed on a FACS-Calibur Flow Cytometer (Becton-Dickinson, Heidelberg, Germany). Mean fluorescence intensity (MFI) was acquired as expression of a specific antibody binding and was used as a quantitative measurement of platelet proteins' surface expression [32] .
Chemotaxis Assay
Migration of monocytes toward platelet-derived CXCL14, recombinant CXCL14 and CXCL12 was analyzed in a modified Boyden chamber (Neuro Probe Inc., Gaithersburg, MD, USA) with a 5-μm pore polycarbonate membrane separating the upper from the lower compartment. Monocytes (2 x 10 4 cells/ well in RPMI-1640 medium; 1% FCS, 100 U/ml penicillin, 100 μg/ml streptomycin) were loaded onto the upper chamber, and resting (RPS) or activated (APS) platelet supernatant or the mentioned recombinant proteins served as chemoattractants in the lower chamber. Neutralizing antibody against platelet-derived CXCL14 or respective isotype control (10 μg/ml) were also added along with APS as indicated for 30 minutes at RT, before loading. Chemokine receptors CXCR7 and CXCR4 were blocked on monocytes for 30 minutes at RT with mouse anti-human-CXCR4-mAb (10 μg/ml) or mouse anti-human-CXCR7-mAb (10 μg/ ml) and respective IgG controls before chemotaxis. After incubation for 4 hours at 37°C and 5% CO 2 , in a humidified atmosphere, the membrane was fixed with 100% ethanol and stained with May-Grünwald/ Giemsa. The membrane was mounted on glass slides; the number of migrated cells was counted for each well in randomly selected microscopic fields at ×20 magnification. Additionally, the number of migrated monocytes in the lower chamber was ascertained by running each sample for 2 minutes on a flow cytometer [4] at same flow rate (low).
Phagocytosis Assay
Human monocytes were pretreated with recombinant CXCL14 for 2 hours in RPMI-1640/FCS 1%. Then Alexa Fluor® 488 labeled E. coli (K-12 strain) BioParticles® were added to monocytes at a ratio of 10:1 in RPMI-1640/FCS 1% and incubated for 4 hours at 37°C and 5% CO 2 in a humidified atmosphere. Samples were fixed in 1% paraformaldehyde and analyzed by flow cytometry. Trypan blue (10%) (SigmaAldrich) was used to quench for surface fluorescence coming from adherent but not phagocytized E. coli BioParticles. The intracellular fluorescence signal was analyzed by flow cytometry.
Endothelial monolayer scratch assay
Human umbilical vein endothelial cells (HUVEC) were purchased from ATCC and cultivated in VascuLife® VEGF Cell Culture Medium) at 37°C and 5% CO 2 in a humidified atmosphere. A scratch wound was applied on the confluent HUVEC monolayer in a 12-well-plate using a 200 μl tip [6] . After the scratch, cells were washed gently with PBS to remove non-adhering cells. Cells were further incubated in the presence of complete medium and VEGF (10ng/ml) alone, or along with recombinant CXCL14 (50 ng/ml), recombinant CXCL12 (50 ng/ml) or in combination with RPS/APS diluted in complete medium at a 1:2 ratio. Images of 3 identical fields per sample were captured at the indicated time points with a Zeiss Axiovert 200 microscope and the area of the gap was measured with AxioVision software by measuring the cell-free area of 1000µm of the gap. Measured areas were put in relation to their corresponding areas at the time point T 0 .
Statistical analysis
Data are presented as mean ± S.E.M. All data were tested for significance using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA) setting statistical significance at P<0.05 for an unpaired t-test to compare two sets of data or for a one-way ANOVA using Dunnett post hoc test to compare multiple data sets. Flow cytometry experiments revealed that incubation of platelets with CRP (5µg/ml) or TRAP (25µM) for 30 minutes significantly increased the surface expression of CXCL14 on platelets as compared to resting. CD62P surface expression served as a control for platelet degranulation. Data are Mean±SEM of 5 independent experiments. (D) CXCL14 is detectable in the supernatant of platelets. Supernatants were collected from platelets activated with CRP (5µg/ml) for 60 minutes or from PBS-suspended platelets, which served as a control. Data are representative of 3 independent analyses. The release of CXCL14 was analyzed by ELISA in supernatants of platelets adhering to immobilized collagen or BSA. Data are Mean±SEM of 3 independent experiments. (E) Surface expression of CXCL14 on platelets follows a concentration-dependent response when CRP is used as an agonist. Substantially lower concentrations of CRP were required for surface expression of CXCL12 on activated platelets. Data are Mean±SEM of 4 independent experiments. been identified as a potent chemotactic and angiostatic mediator [25] . The expression of CXCL14 in platelets is not known. Thus we explored, whether platelets express CXCL14 and validated its functional relevance in terms of platelet-associated inflammatory response. Thus, we evaluated isolated platelets from humans and mice using a specific anti-CXCL14-pAb for immunoblotting. We found that platelets contain CXCL14 as indicated by the positive immunoreactive band (Fig. 1A) . As positive control, lysates of human monocytes were used. Further, as described previously, CXCL14 was found in substantial amounts in mouse tissues from kidney, lung, liver, and heart (Fig. 1B) . Next we asked whether CXCL14 is secreted upon platelet activation. Platelets were isolated and stimulated with agonists like ADP, CRP, and TRAP. We found that surface expression of CXCL14 was significantly enhanced upon activation, which was paralleled by the release of the activation marker CD62P (Fig.  1C) , denoting degranulation of α-granule contents. Further, CXCL14 was released into the supernatant derived from activated platelets, as verified by immunoblotting and ELISA (Fig.  1D) . To characterize the relative release of CXCL14 from platelets as compared to reported release of another chemokine CXCL12, we analyzed the number of CXCL14 + platelets to that of CXCL12 + platelets for different concentrations of CRP. CD62P was used as a control for platelet activation. In comparing the release of CXCL14 as compared to CXCL12 upon platelet stimulation, we observed that activation-triggered release kinetics of CXCL14 was comparable to the release kinetics of CXCL12. However, higher concentrations of the agonist (1 µg/ml for CXCL12 as compared to 5 µg/ml for CXCL14) were required to drive CXCL14 release as compared to CXCL12 (Fig. 1E) .
Platelet-derived CXCL14 stimulates migration of monocytes CXCL14 has been described as a chemotactic factor for a variety of cells including dendritic cells, natural killer cells, and CD14
+ monocytes [25] . Thus we asked, whether CXCL14 derived from platelets stimulates chemotaxis of monocytes as previously reported for CXCL12 [4] . In a modified Boyden chamber, supernatant derived from CRP-activated platelets was found to be chemotactic for human monocytes compared to supernatant from resting platelets. In the presence of neutralizing anti-CXCL14-mAb migration of monocytes was significantly reduced compared to IgG control ( Fig. 2A) . When recombinant CXCL14 was used, migration of monocytes was similar in extent as compared to recombinant CXCL12 (Fig. 2B) . Compared to 1 µg/ml of CXCL12, CXCL14 showed a similar migratory effect on human monocytes at a concentration of 5 µg/ml.
To further define the respective chemotactic receptor on monocytes responsible for driving CXCL14-initiated chemotactic response, CXCL14-dependent migration was analyzed in the presence of blocking anti-CXCR4 or anti-CXCR7-mAb. When compared to control IgG or anti-CXCR7-mAB, CXCL14-dependent migration of monocytes was significantly reduced in the presence of anti-CXCR4-mAb (Fig. 2C ). This indicates that CXCR4 but not CXCR7 is the primary receptor for CXCL14 on monocytes to trigger a chemotactic response as previously reported for CXCL12 [4] .
CXCL14 enhances phagocytic activity of monocytes
Chemokines such as CXCL12 have been reported to exert phagocytic activity of monocyte/macrophages [4] . Whether CXCL14 modulates monocyte phagocytosis is unknown. Monocytes were pre-treated with CXCL14 or diluent and phagocytosis of fluorochrome-labeled E.coli particles was analyzed as described [34] . We found that CXCL14 stimulated phagocytic uptake of E.coli particles by monocytes (Fig. 3) , indicating a role of CXCL14 in innate immune response.
Platelet-derived CXCL14 attenuates endothelial migration
Platelet-derived chemokines (CXCL4, CXCL12) and growth factors (e.g. VEGF) are critical regulators of angiogenesis prompting both angiogenic and angiostatic responses under diverse pathophysiological circumstances [11] . CXCL14 has been previously described to exert angiostatic properties [20] . To further analyse the biological effect of platelet-derived
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CXCL14, we evaluated the impact of supernatants from CRP (5µg/ml) activated platelets in an endothelial wound scratch assay. As shown previously, platelet-derived factors overall favour endothelial cell migration in this scratch assay [10] . When a neutralizing anti-CXCL14-mAb was added to the culture medium, platelet-dependent endothelial migration was significantly enhanced as compared to IgG control (Fig. 4A ). This indicates that platelet-derived CXCL14 inhibits re-endothelialization and migration of endothelial cells. This conclusion is further supported by the experiment where the angiostatic response of recombinant CXCL14 was validated in this assay. In the presence of recombinant CXCL14 but not CXCL12, re-endothelialization was attenuated (Fig. 4B ). This implies that plateletderived CXCL14 might exert a negative impact during endothelial repair and regeneration as opposed to CXCL12, and taken together with its chemotactic potential, might foster vascular inflammation by instigating monocyte migration to the site of endothelial damage where activated platelets adhere (Fig. 5 ).
Discussion
The major findings of the study are: i) platelets are a novel source of the chemokine CXCL14 and release CXCL14 upon activation. ii) CXCL14 derived from activated platelets 5 . Hypothetical role of platelet-derived CXCL14 at site of vascular injury. Platelets express and release CXCL14 upon activation. Platelets adhering to injured or inflamed endothelium or exposed to subendothelial matrix components (e.g. collagen) are activated and release several factors. Activated platelet-derived CXCL14 attracts monocytes at the site of platelet activation. Platelet-derived CXCL14 inhibits migration of endothelial cells and therefore modulates angiogenesis as an angiostatic chemokine. Therefore, at the site of vascular damage, activated platelet-derived CXCL14 might foster vascular inflammation and prevent endothelial regeneration.
stimulates migration of monocytes and iii) enhances the phagocytic uptake of E.coli particles by human monocytes. iv) Platelet-derived CXCL14 inhibits the migration of human umbilical vein endothelial cells (HUVECs). These findings imply that this hitherto unknown expression and release of CXCL14 from platelets lead to pro-inflammatory activity and regulate monocyte migration and phagocytosis, both critical mechanisms for immune-defense. Beyond its role in thrombo-inflammation, platelet-derived CXCL14 inhibits endothelial migration indicating angiostatic activity. Thus, platelet-derived CXCL14 modulates inflammation and angiogenic mechanisms, important aspects of immune defense and vascular/tissue repair.
Beyond thrombosis and haemostasis, platelets are important regulators in thromboinflammation and vascular/tissue repair after organ damage [35] . Platelets are a major source of CXC-chemokines including CXCL4 (PF4), CXCL11 [36] , CXCL12 (SDF-1), CXCL16 [33] and CCL-chemokines, such as CCL5/RANTES [37] , cytokines like IL1 [38] [39] [40] or chemokinelike cytokines such as MIF [41] . Chemokines like CXCL12 or CXCL4 recruit inflammatory and regenerative endothelial cells, modulate a pro-and anti-angiogenic response, and exert antimicrobial activities [4, 42, 43] . Platelets are a major source of chemokines and are able to release substantial amounts of chemokines rapidly within minutes into the microenvironment at the site of platelet accumulation. Thus, platelet-derived chemokines are powerful mediators of inflammation, immune defense, and repair mechanisms following vascular or tissue damage [11] .
Previously, we identified CXCL12 to be present in platelets [5] . Platelet-derived CXCL12 has important aspects for vascular and tissue repair mechanisms by governing recruitment of monocytes and endothelial progenitor cells [35] . CXCL12 is expressed on the platelet surface and is released into the supernatant upon stimulation with agonists such as collagen or thrombin [5] . Platelet-derived CXCL12 on the one hand promotes pro-inflammatory monocyte migration and differentiation into macrophages/foam cells [4] , while on the other hand substantiates the migration of progenitor cells and their subsequent differentiation into endothelial progenitor cells and augment neo-endothelialization or vascular regeneration as opposed to vascular inflammation both in vitro and in vivo [8] .
CXCL14, also known as BRAK, is a chemokine of the CXC-chemokine family and is found in barrier tissue cells like keratinocytes, dermal endothelial cells, but also in several other blood-borne immune cell types like immature dendritic cells (iDCs), monocyte-derived dendritic cells (DCs) and upon activation also in B-cells and isolated human monocytes [25] . The expression of CXCL14 in platelets has not been reported yet, even in large proteomic studies [44] . We found that CXCL14 is present in substantial quantities in platelets, is exposed at the platelet surface and is released in a soluble form upon activation. Since plateletinflammatory or platelet-endothelial interactions play a decisive role in setting the course of vascular inflammation and regeneration, the discovery of platelet-derived CXCL14 adds a new dimension to the mechanistic regulation of vascular pathophysiology. Platelets being forerunners to the site of vascular injury, the pathophysiological significance of platelet-derived CXCL14 in initiating an inflammatory response by triggering inflammatory cell migration, or exert an angiostatic response or potential anti-microbial response against pathogenic intrusion as previously reported for recombinant CXCL14 is noteworthy. This could bear prominent significance also at the site of wound repair in barrier tissues. Platelet-derived CXCL14 could add to the amount of CXCL14 contributed by endothelial cells or keratinocytes present at the site of dermal wounds, support immune defence from migratory immune cells, facilitate microbial clearance and subsequently determine the course of wound repair.
Platelets harbour several functionally opposing factors e.g. pro-inflammatory as opposed to anti-inflammatory, pro-angiogenic as compared to anti-angiogenic, in their granular repertoire. Previously a spatial segregation of these factors has been shown in different subsets of α-granules, also a preferential release mechanism was demonstrated following diverse agonists stimuli e.g. PAR1 mediated as opposed to PAR4 mediated [10] . Another effector mechanism by which platelets might govern the balance between functionally opposing responses is through difference in release kinetics or extent of these factors. The release kinetics of CXCL14 from platelets was similar as compared to CXCL12, since CXCL14 release could be detected within 30 minutes of stimulation. This is in contrast to MIF; another platelet derived pro-inflammatory mediator the release kinetics of which is considerably slower [41] . However, the release of CXCL14 from platelets required higher concentrations of agonists such as CRP as compared to CXCL12. This indicates that the release of both CXC-chemokines is regulated differentially and dependent on the strength of the stimulus. This might have important (patho)physiological consequences for paracrine inflammatory responses and endothelial function in the surrounding of activated platelets. Both CXCL14 and CXCL12 stimulate monocyte migration via the chemokine receptor CXCR4, indicating that both chemokines are ligands for CXCR4. Whereas CXCR4 is a well-recognized receptor for CXCL12 [9] the receptor for CXCL14 is poorly defined. Although it is clear that CXCL14 acts as a chemotactic factor for a variety of immune cells like NK cells, iDCs, activated B-cells and monocytes [25] , a convincing evidence of the responsive receptor is still missing. A recent study demonstrates that CXCL14 does not counteract CXCL12-CXCR4-mediated responses [45] , indicating that CXCR4 might not be a primary receptor for CXCL14. In our study, we found that blocking CXCR4 on monocytes by anti-CXCR4-mAb attenuates CXCL14-dependent monocyte migration, which implies a role for CXCR4 as a receptor for CXCL14. However, additional studies are required to further disclose the role of CXCR4 for CXCL14-dependent cell migration.
Previously and in the current study, we show that platelet releasate substantially promotes monocyte migration via CXCR4. Platelets released chemotactic factors include CXCL12 and MIF, which are known ligands for CXCR4 to govern monocyte migration [4, 41] . The present study adds a novel, CXCR4-responsive chemokine CXCL14 to be involved in platelet-mediated cell migration. MAb-based inhibiting of CXCL14 reduced the migration response of supernatant derived from activated platelets indicating that platelet-derived CXCL14 is a major monocyte attractant despite CXCL12 and MIF. Although we presently did not address the differential regulation of monocyte migration and the relative potential of CXCR4-responsive (CXCL12, CXCL14, MIF) towards platelet chemokines, it is tempting to speculate that these chemoattractants are involved dynamically during the migration response. Both CXCL12 and CXCL14 are rapidly released from activated platelets, however, the release of CXCL14 requires a much higher agonist concentration as CXCL12. Further, MIF follows much slower release kinetics as compared to CXCL12 [41] . Thus, the importance of CXCR4-responsive platelet chemokines may depend on strength and time of platelet activation which may have an impact in a variety of (patho)physiological situation, where thrombo-inflammation is a prominent feature (e.g. monocyte migration to ischemic tissue).
Besides the regulation of monocyte function, platelets have been shown to regulate endothelial activation and migration at the site of vascular lesions. Platelets induce both endothelial activation and favour healing of vascular lesions via CXCL12-dependent endothelial migration and neo-endothelialization [46] . In the present study we found that in contrast to CXCL12, platelet-derived CXCL14 prevents endothelial migration as shown in scratch assays with endothelial monolayers in vitro. Given that platelet-derived CXCL14 functions as an angiostatic factor, this adds a new dimension to the potential of platelets and platelet derived mediators in regulating tumor progression and metastasis. However, to what extent platelet-derived CXCL14 might exert an impact on tumor suppression or invasiveness as compared to other platelet-derived anti-angiogenic factors like CXCL4 and endotstatin [10] , remains to be elucidated. Presumably the relative abundance of these factors in platelets or in the immediate tumor microenvironment where platelet accumulate, their differential release kinetics and extent of release would govern their relative contribution in platelet regulated angiogenic processes.
To conclude it might be said that CXCL12 and CXCL14 are both prominent chemokines in platelets, and are both chemotactic for monocytes, but have different function at site of endothelial denudation (Fig. 5) . We found that CXCL14 acts as an angiostatic chemokine in counteracting the angiogenic response of VEGF as has been shown before [20] . Therefore, platelet-dependent migration of monocytes and endothelial cells is a complex regulated system that involves at least 3 prominent chemokines (CXCL12, CXCL14) or chemokine-like
